Introduction
Extinction is a fact. Ever since organic life first evolved on this planet, life forms have been changing. New species have arisen and old ones have gone extinct (Raup 1992) . Speciation, the birth of new species, and extinction, the death of species, are as natural events in evolution as birth and death of individuals in demography. Seen over the entire history of organic life on Earth, biodiversity has generally increased.
There has been a build up of life forms. However, five times in the evolutionary past of the planet have mass extinction events taken place. The so-called big five are periods when the rate of extinction of species has become vastly elevated and have outnumbered the level of new species forming (Raup 1994) . It is now established that some of the elevated levels of mass extinction coincide with major celestial impacts on the Earth's surface and their climatic consequences, although some workers advocate more complex scenarios that include a number of factors that may explain mass extinction (Erwin 2006) . Today we are witnessing a sixth major mass extinction event and this time celestial impact has nothing to do with it. It is beyond doubt that this event is caused by the activities of one of the species inhabiting the Earth: modern humans. I can think of no other scientific activity more important than trying to understand the causes and consequences of this contemporary mass extinction. This book is therefore concerned with a proposition put forward some years ago that extinction of species is somehow related to loss of genetic variation.
It has been suggested that genetic variation is crucial for the persistence of populations (Soulé 1980 , 1986 , 1987 , Frankel and Soulé 1981 , Gilpin and Soulé 1986 . Two reasons have been given. In the short term, inbreeding and genetic drift leads to lower fitness of individuals and increased extinction risk of populations. In the long term, populations that lose genetic variation cannot evolve since evolution cannot proceed without genetic variation. In a world of rapid environmental PRINTED FROM OXFORD SCHOLARSHIP ONLINE (www.oxfordscholarship.com). (c) Copyright Oxford University Press, 2018. All Rights Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a monograph in OSO for personal use (for details see www.oxfordscholarship.com/page/privacy-policy). Subscriber: HINARI; date: 19 December 2018 change, any population that is unable to adapt to changing conditions will go extinct (Spielman et al. 2004) .
(p.2) After initial enthusiasm over this idea much scepticism has been raised. In 1988, Russell Lande wrote an influential paper (Lande 1988) in which he discussed the arguments for and against demographic versus genetic reasons for extinction of endangered populations: "Theory and empirical examples suggest that demography is usually of more immediate importance than population genetics in determining the minimum viable sizes of wild populations. The practical need in biological conservation for understanding the interaction of demographic and genetic factors in extinction may provide a focus for fundamental advances at the interface of ecology and evolution". He thus argued that demographic factors were more important than genetics in explaining why populations go extinct but that the interaction between demography and genetics should be a research focus. Unfortunately the paper has often been cited as an argument against genetic studies in conservation biology (e.g. Pimm 1991 , Young 1991 , Wilson 1992 , Caro and Laurenson 1994 , Caughley 1994 , Holsinger et al. 1999 , Elgar and Clode 2001 . Recently, a perhaps more balanced view has emerged, in which both genetic and demographic factors are believed to be important in the study of endangered populations and species (Soulé and Mills 1998 , Hedrick 2001 , Oostermeijer et al. 2003 . This chapter is a review of genetic studies and examples that suggest a link between genetic diversity and population persistence.
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The extinction vortex
Theoretical considerations suggest that small-that is, endangered-populations are different from large ones in two important aspects. The level of inbreeding is increased and likewise the importance of genetic drift, the stochastic loss of alleles, in shaping a population's genetic architecture is increased. Both these processes ultimately lead to loss of genetic variation. Below I examine each of these arguments.
Inbreeding and its consequences on individual fitness will be covered in more detail later in this book. At this point it suffices to define inbreeding as matings between individuals that carry alleles identical by descent. In non-random mating populations, such as species that are fragmented into subpopulations with limited dispersal, the frequency of matings between individuals that carry alleles identical by descent (i.e. relatives) is increased. In diploid organisms this has the consequence that heterozygosity will be reduced. In a closed population of finite size, the rate at which inbreeding will increase as measured by the inbreeding coefficient is given by:
where N is population size and t is the number of generations since the founding generation (Falconer and Mackay 1996) . From this formula it can be seen that F will increase faster with small N and more slowly with large N (Fig. 1.1 ). It is important to note that inbreeding as such may not have any harmful effects. It is when inbreeding leads to inbreeding depression that endangered populations become severely impacted. I will come back to the issue of inbreeding and inbreeding depression in Chapter 3.
The random loss of alleles due to the stochastic processes of Mendelian segregation and sexual reproduction is more or less negligible in large populations. In large populations selection is the main cause for shaping allele frequencies. However, in small populations the importance of genetic drift becomes a far more important process. Assuming a biallelic locus subject to drift and selection, selection predominates when 4N e s >> 1 (where N e is the effective population size and 1 − s is the fitness of homozygotes relative to the heterozygote) and drift predominates when 4N e s << 1 (Kimura 1983) . From these inequalities it is evident that for any given level of selection it is more likely that drift becomes more prominent when N is small. In general, the proportion of selectively neutral genetic variation lost per generation is 1/(2N e ). Small populations (low N e ) thus lose genetic variation faster than larger ones (Wright 1969) . In real populations the actual population size N is always higher than N e due to variance in the number of breeders and family sizes, fluctuations in population size, and unequal sex ratios (Wright 1969) . Frankham (1995) (p.4) suggested that the ratio N e /N in natural populations would typically be in the order of 0.1. Large portions of the genome of any organism are selectively neutral, or at least nearly so at any given point in time. It may thus be argued that genetic variation is irrelevant for population survival. However, even if much of the standing genetic variation in an endangered population at any given point in time is selectively neutral, significant and important portions are not. Furthermore, standing genetic variation may be needed when and if conditions change. Alleles that are selectively neutral may become selectively advantageous in the future. Populations that have lost genetic variation have lost the ability to adapt to new conditions and consequently have become more prone to extinction.
To maintain levels of heritable variation in quantitative characters and ensure evolutionary viability, Franklin (1980) suggested a minimum effective populations size of N e = 500.
Taken together with the suggestion that a minimum population size of 50 is required to safeguard a population from extinction due to demographic stochastic reasons (Lande 1976) , this has become known as the 50/500 'rule'. With N e /N = 0.1 this would mean that the actual population size of any endangered population would need to be in the order of 5000 individuals. Clearly, many endangered populations typically harbour fewer individuals than this. Furthermore, it has been argued that since most genetic variation in quantitative characters in fact is harmful and maintained in the recessive state, only a fraction is quasi-neutral and potentially adaptive. This would increase the critical number to an N e in the order of 5000 and the critical N to 50000 (Lande 1995 (Lande , 1999 . If these theoretical considerations apply to real populations, genetic considerations are needed for many populations regardless of whether they are considered endangered or not.
Another harmful result of genetic drift is that drift may cause fixation of mildly deleterious mutations. Fixation of such mutations leads to a reduction in individual fitness which may negatively impact endangered populations. As shown above, drift is more potent in small populations and endangered populations tend to be small. Since accumulation of deleterious mutations speeds up as a population's size decreases, the population may be caught in a negative feedback loop towards extinction. This process has been termed mutational meltdown (Lynch et al. 1993 ). There is controversy over the significance of this process and its relevance to population persistence (see Gaggiotti 2003 for a review). The time scales involved when mildly deleterious mutations accumulate are in the order of hundreds of generations and their effect is only predicted to be severe in very small populations (N < 100; Lande 1999).
In empirical research it is often not possible to sort out the relative effects of inbreeding and drift since both processes work in the same direction, reducing genetic variation. A review of data from studies of plant species show that (p.5) small and isolated populations typically harbour less genetic variation than large populations within dispersal distance of other populations of the same species ( Fig. 1.2 ).
Both reduction of individual fitness and population adaptability ultimately lead to lower reproduction and increased mortality, factors that further lower an already small population size. When populations are caught in this downward spiral they are said to be trapped in an extinction vortex (Fagan and Holmes 2006) ( Fig. 1.3 ). The extinction vortex hypothesis makes a few clear predictions as to whether genetic factors are important in the extinction of endangered species. The first prediction is that small and endangered populations and species should harbour less genetic variation as compared with taxonomically related nonthreatened taxa. This prediction has been tested in an extensive meta-analysis of 170 threatened taxa and their nonthreatened sister taxa (Spielman et al. 2004) . The analysis covered both plants (Angiosperms and Gymnosperms) and animals (vertebrates and invertebrates). Average heterozygosity was lower in threatened taxa in 77% of the comparisons, a result which is significantly different from the null hypothesis of no difference between threatened and nonthreatened taxa. On average, heterozygosity was 35% lower in threatened taxa than in non-threatened taxa. These results indicate lowered evolutionary potential, compromised reproductive fitness, and elevated extinction risk for threatened taxa. From this study it is clear that most taxa are not driven to extinction before genetic factors affect them negatively and furthermore that genetic methods in most cases can be employed to diagnose threatened taxa, at least when there is taxon we can identify a priori as non-threatened for comparison. The second prediction is that known cases of extinction should commonly be preceded by a radical loss of genetic diversity.
For obvious reasons it is not very common for species and populations that go extinct to have been extensively surveyed for genetic variation prior to their extinction. An exceptional case is the now-extinct heath hen Tympanuchus cupido cupido which once inhabited grasslands and barrens along the midAtlantic coast of eastern North America. This species was once numerous throughout its former range but went extinct on the mainland by around 1870. The last bird was seen on the island The species extinction more or less coincided with the settlement of Europeans in North America. Approximately 200 years after the arrival of Europeans and colonization of the eastern United States, heath hens perished on the mainland. Thus it is more than likely that the extinction of heath hens were caused by human actions. Second, the heath hens on Martha's Vineyard indeed had exceptionally low genetic variation prior to their extinction (mitochondrial DNA haplotype diversity, h = 0.363 + 0.029; Johnson and Dunn 2006). Other endangered prairie chicken populations typically display a haplotype diversity in the region of 0.900. The only contemporary exception is the extremely endangered Attwater's prairie chicken Tympanuchus cupido attwateri which in museum samples from 1951 to 1954 had a haplotype diversity of 0.900, but presently (1998) (1999) (2000) subpopulations lie in the range of 0.400-0.800, showing that the Attwater's prairie chicken is presently suffering loss of genetic diversity.
Habitat destruction, overexploitation by humans, disease, and poor reproductive success as a consequence of low genetic variation have all been cited as contributors to the decline and extinction of species including heath hens (p.8) (Gross 1928 , Simberloff 1998 , Westemeier et al. 1998 . Throughout this book I will argue that it is likely that all these factors contribute to the extinction of endangered populations: the argument for a role of genetics does not preclude other factors also being important. However, the reverse argument, that genetic factors may be considered less important, have indeed been put forward (Lande 1988 , Caughley 1994 , Elgar and Clode 2001 . In the case of the heath hen I would personally bet on human overexploitation being the main reason for heath hen populations to become small and fragmented. This fragmentation ultimately led to a point when heath hen populations became vulnerable to loss of genetic variation. Whether or not the last heath hen population ultimately went extinct due to genetic effects we can never be certain. However, the last population did indeed show the diagnostics based on mtDNA data of being genetically impoverished. A prudent interpretation of these data is that a multitude of factors may contribute to the extinction of species. Very few, if any, numerous and widespread species go extinct without a period of range contraction, fragmentation, and severe contraction in numbers. A lot is gained in the preservation of biodiversity if populations can be diagnosed as threatened before genetic and demographic stochastic events lead to their extinction. Furthermore, if small and fragmented populations indeed commonly perish due to genetic reasons it is important to prevent this from happening by subjecting such populations to genetic restoration (Ingvarsson and Whitlock 2000, Ingvarsson 2002 ).
In the above example the ultimate reason for the extinction was unknown. Studies of populations that has nearly gone extinct but have been rescued may provide clues to the role of genetics in extinction. An example of such a species is the Scandinavian wolf. By the late twentieth century, the Scandinavian population of wolves Canis lupus had been almost driven to extinction. Only stray individuals persisted and there had been no successful reproduction reported for years. In Finland, however, a few reproducing packs remained. After many years without reproduction one pack in Sweden suddenly produced offspring in 1983, nearly 1000 km from the closest known packs in Finland and Russia (Liberg et al. 2005) . The Swedish population has since been monitored closely but showed signs of inbreeding depression, such as hereditary blindness, known from captive populations (Laikre and Ryman 1991, Ellegren 1999) . Detailed studies of a pedigreed population from 1983 to 2002 showed that the entire Scandinavian population was founded by only three individuals and that the inbreeding coefficient F varied between 0.00 and 0.41 for wolves born during the study period. First-winter Fig. 1.4) . Following the translocation of birds in 1992, hatching success was restored to the usual level of around 95% (Westemeier et al. 1998) . These data suggest that hatching success was impaired due to inbreeding depression and that genetic considerations cannot be ignored while attempting to rescue these endangered populations.
The previous examples have been on animals but the abovecited principles about genetic variation and extinction risk should also apply to plants and other organisms. Yet many botanists have been strong advocates for the case that genetic variation is of minor importance when (p.10) Figure 1 . studying extinction of endangered populations. Holsinger and coworkers even went so far as to suggest that "changes in the genetic structure of plant populations are likely to threaten its persistence only if they involve loss of self-incompatibility alleles or genetic assimilation through hybridization with a reproductively compatible related plant species" (Holsinger et al. 1999) . Thus genetic reasons for extinction were argued to be important only under rather extreme conditions. Yet a review of genetic variation in rare and common plant species showed that rare species have less genetic variation in almost all aspects measured, in accordance with the extinction vortex hypothesis. (Schierup 1998) in Denmark. More heterozygous individuals perform better than less heterozygous ones, suggesting that inbreeding depression may be at work in these populations. If population size is related to genetic variation, the authors expected that there will also be a correlation between population size and fitness-related parameters. This has indeed been observed in G. pneumonanthe (Oostermeijer et al. 1994 ; Fig. 1 .5), A. montana (Luijten et al. 2000) , and spiked rampion Phyteuma spicatum (Boerrigter 1995) . The studies on Dutch new rares also suggest that environmental stochasticity is important in understanding local extinction and the authors argue for an integrated approach where both genetic and demographic factors should be considered to preserve endangered plant populations.
All the above examples point to the direct genetic threat to endangered populations being mediated mainly via inbreeding depression and not so much due the stochastic loss of genetic variation or fixation of mildly deleterious alleles through genetic drift. I will soon return to a few examples of populations that seem to thrive despite the fact that they have been shown to be low in genetic variation but first there is a need to discuss a related issue. It has been proposed that inbreeding depression may not always be a consequence of inbreeding in endangered populations. One of the most famous examples is the case of the (p.12) Mauritius kestrel Falco punctatus. This population has been severely bottlenecked (contracted in numbers). The entire world population was down to one breeding pair in 1972; however, by 1994 there was more than 200 birds but no signs of inbreeding depression (Groombridge et al. 2000) . This population is obviously inbred since all individuals are descendants of the same pair in the 1970s. One possible explanation is that during the severe bottleneck not only beneficial genetic variation was lost but also alleles that cause inbreeding depression. When the population became purged from these harmful alleles it could tolerate high levels of inbreeding without suffering from inbreeding depression.
It thus seems as though inbreeding may lead to inbreeding depression in some cases but not in others. A study of a fritillary butterfly species, Melitaea cinxia, by Saccheri and others (1998) hints at a possible solution as to why some species seem to tolerate inbreeding while others do not. In this study it was shown that local extinction risk is dependent on both ecological variables (mainly degree of isolation and population size) and genetic variation ( Fig. 1.6 ). In particular, when ecological and genetic factors coincided, small and inbred populations became vulnerable to extinction. It was suggested that in the metapopulation system of this butterfly, the purging is not strong enough to deplete the system of the alleles responsible for inbreeding depression. The deleterious alleles would always remain in the heterozygous state in the large subpopulations that never go extinct. However, in small and inbred populations these alleles become expressed as homozygotes and cause inbreeding depression and ultimately population extinction. In a species like the Mauritius kestrel the deleterious alleles cannot 'hide' in a large population but will be exposed to selection and removed. However, populations like the Mauritius kestrel are more exposed to the risk that mildly deleterious alleles may become fixed through chance effects despite being selected against.
There are other examples of endangered species, which like the kestrel in the example above, seem to have low genetic variation and yet thrive and increase in population size. Norwegian red deer Cervus elaphus are comparable in microsatellite genetic variation with other threatened deer species that are signified by low genetic variation, yet the Norwegian population of red deer in recent years has expanded in number (J. Höglund and L. Kastdalen unpublished results). Another example is the Swedish beaver Castor fiber population which was founded in the 1920s by only a few individuals imported from Norway after being hunted to extinction in the late nineteenth century (Ellegren et al. 1993, Mikko and Andersson 1995) . Today the Swedish population of beavers is expanding and numbers are now in the order of thousands of individuals. threats. More research is needed on both Scottish capercaillie and Swedish American crayfish to test whether this hypothesis is true.
Experimental studies
There have been a few experimental studies to test whether inbreeding and/or reduced levels of genetic variation leads to greater extinction risk. Indeed, the rate of extinction for small and/or inbred experimental populations appears to be greater than for large populations (Latter et al. 1995 , Frankham 1996 , Newman and Pilson 1997 , Bryant et al. 1999 , Reed and Bryant 2000 , Reed et al. 2003 .
Using the housefly Musca domestica, Reed and Bryant (2000) compared fitness and rates of extinction among populations kept either at constant effective population sizes of 50, 500, or 1500 or passed through bottlenecks reducing N e (p.15) to five individuals. The results demonstrated that population fitness, measured as larval viability, total eggs, and total progeny, was closely related to population size. Within six generations small populations maintained at an effective population size of 50 individuals were significantly lower in all three fitness measures than larger populations. The loss of fitness decreased the longevity of the small lines with five out of six lines going extinct by generation 64. Similar results were obtained in another experiment (Bryant et al. 1999) . Taking the two experiments together, predicted extinction times (based on the regression of viability on number of generations) were under 100 generations for an effective population size up to 100 and increased to over 400 generations when N e was 500 and above.
Another aspect of this experiment was that in the founderflush treatment, when populations were bottlenecked to N e = 5 and then allowed to grow to approximately 2500 individuals in seven generations, lines exhibited some recovery in larval viability after the initial bottleneck (see also Bryant et al. 1990 ). This suggests that these lines may have been purged for alleles causing inbreeding depression, this echoing the explanation for why the falcons on Mauritius, cited above, may survive severe inbreeding. However, the purged lines did worse under dietary and thermal stress. The authors suggest that whereas a bottlenecked population may adapt to a particular environment its adaptability may be low and suggest that the lack of adaptability may outweigh any benefits of bottlenecks due to purging (Reed and Bryant 2000) .
Studies of the evening primrose, Clarkia pulchella, further suggest that inbred populations run higher risks of extinction.
In experimental populations that all had the same number of founders but which differed in the relatedness among founders, inbred populations were more prone to extinction (Newman and Pilson 1997) .
Experimental studies using the fruit fly Drosophila melanogaster have attempted to examine the relative roles of inbreeding and population size on cumulative extinction rate (Reed et al. 2003) . Survival dropped faster with increasing levels of inbreeding at low effective size treatment (N e = 2.6) than in any of the treatments with larger effective size (N e = 10 and 20, respectively; Fig. 1.7) . For any given level of inbreeding extinction was greater for the lowest N e . This result may imply that the slower the inbreeding (larger N e ) the more effective the purging of deleterious alleles. However, the authors are cautious of such an interpretation, mainly owing to the fact that both the treatments with a higher N e (those that are predicted to be purged) had lower survival of lines than outbred controls. Thus purging was not considered to have removed all deleterious alleles causing inbreeding depression. It has been concluded that purging is generally inefficient in reducing inbreeding depression (Allendorf and Ryman 2002) . Other experiments have shown that inbred populations have a significantly higher short-term probability of extinction than non-inbred populations (Bijlsma et al. 1999 (Bijlsma et al. , 2000 . Survival was negatively affected by environmental stress such that survival decreased for any given level of inbreeding when populations were subjected to differential treatments of environmental stress (Reed et al. 2002) . This again suggests that the detrimental effects of inbreeding are environmentally dependent (Armbruster and Reed 2005) . Since threatened populations often live in stressed and marginal habitats it is therefore predicted that the negative effects of inbreeding may be exaggerated in such cases. In experiments using the amphipod Gammarus duebeni, survival did not differ when comparing stressed treatments and benign laboratory treatments using outbred lines (inbreeding coefficient F = 0). However, inbred lines (F = 0.25) experienced reduced survival under stressful field conditions (Gamfeldt and Källström 2007) . That inbreeding depression is environmentally dependent shows that, in conservation biology, genetic studies cannot be isolated from ecological studies. The genetics need to be put in an ecological and demographic perspective to increase our understanding of the factors that may cause population extinction and biodiversity loss. 
